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ABSTRACT
In thisthesis,secondphaseswereusedfor thezeolite-basedcompositeswith
highthermalconductivityfor energystorageapplications.Naturalzeolite,clinoptilolite
receivedfromlargedepositsin Turkeywasusedasmatrixwhilealuminum,aluminum
hydroxideandgraphitewereusedassecondphasesfor compositepreparation.
Compositesof differentcompositions(from 10to 40 wt% additiveloading)
were preparedby mixingdifferentamountof secondphasesto the clinoptilolite.
Powdermixtureswerepelletizedusingpolyvinylalcoholasa binder.The useof the
binderwas necessaryto obtainmechanicallystrongpellets.The thermaltreatment
temperatureandpresspressureweredeterminedas 150°C and60 bar for thepellet
preparation.Powders were further characterizedby thermogravimetricanalysis,
differential thermal analysis and differential scanrung calorimetry. These
characterizationshaveshownthat threetypesof water is presentin clinoptilolite:
externalwater,looselyboundwaterandtightlyboundwater.
Thermalconductivitiesof thesecompositepelletspreparedwere determined
usinghotplatemethod.Thermalconductivityof purematrixcIinoptilolitepelletswere
measuredas 0.26 W/mK. Thermal conductivityincreasedsignificantlyby using
aluminumasthesecondphasewhileit didnotchangemuchfor graphiteandaluminum
hydroxidecomposites.For compositescontaining40% aluminumor aluminum
hydroxideor graphite,thermalconductivitiesof 1.18, 0.50, 0.43 W/mK were
measured,respectively.Aluminumcontainingcompositescouldbe usedas adsorbent
bedmaterialsandby this way, it mayincreasetheperformanceof adsorptionheat
pumps.
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Bu tezdeenerjidepolamauygulamalaniyinyiiksekIStliletkenliklizeolitbazh
kompozitlerye~itliikinci fazlar kullarularakhazlrlaruru~t1r.Tiirkiye'de fazlaca
bulunanklinoptilolitmatrisolarak,aliiminyum,aliiminyumhidroksitvegrafhikinci
fazolarakkompozithazlrlamadakullarulm1~t1r.
Farkll kompozisyonlardakiompozitlerdegi~ikmiktardaikinci fazlar ve
klinoptolitkan~tlrtlarakhazIrlarlml~t1r.Kan~Impelet haline getirilemedigiyin
baglaYIcImaddeolarakpolivinilalkol kullarulm1~t1r.En iyi peletlerin(dagtlmayan,
yatlakiyermeyen)60 bar basmyaltmdayaptlabildigibulundu.Bu basmyaltmda
hazIrlaruru~olanpeletler150°C de IStli~lemdengeyirilmi~tir.Tozlar termalanaliz
cihazlanyla(termogravitmetrikanaliz,differensiyaltermalanalizve differansiyel
taramahkalorimetre)incelenmi~ve karakterizeedilmi~tir.Termalanalizsonuylan
klinoptilolitdeiiy tiir suyunbulundugunugbstermi~tir.
HazIrlananpeletlerinISIIiletkenlikkatsaytlanslcakplakametodukullarularak
tayinedilmi~tir.KlinoptolitinIStliletkenlikkatsaYIsI0.26WImK olarakblyiilmii~tiir.
Bu degeraliiminyumtozununkullarulmaslyiakaydadegerbir ~ekildeartm1~fakat
grafit ve aliiminyumhidroksittozlanrunkullarulmaslyiafazla artmamI~tIr.%40
aliiminyum,grafit ve aliiminyumhidroksit iyeren kompozitlerinIStl iletkenlik
katsaytlanslraslyla1.18,0.50ve0.43W/mK olarakblyiilmii~tiir.Aliiminyumiyeren
kompozitleradsorbentmalzemesiolarakkullarulabilirve bu yollaISI pompalanrun
performansIruartIrabilir.
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ChapterI
INTRODUCTION
In recentyears,demandfor energyhasaugmentedasa resultof increasing
populationand advancingup technology.With the depletionand the limited
availabilityof energysources,energystoragehas gainedimportancein today's
world[1,2] .
Energycanbe storedin severalways.More commononesare chemical,
mechanical,electricalandthermalenergystorage[2]. In general,energystorage
systemsinvolvethestorageof energyin thesameor anotherpartof thesystemfor
lateruse.
Among the energystoragemethods,thermalenergystorageis the most
attractiveone.It haswidevarietyof applicationsin industryandcanbe storedin
variouswaysasstorageof sensibleheatandasstorageof latentheat.Methodsfor
thelatterincludes:heatof fusion,heatof evaporation,heatof solution,heatof
reactionandheatof adsorption[3-5]. Sensibleenergystorageis simpleandcheap
but requirementof largemassandvolumeof a storagematerialis an important
problem.Somelimitationsappearin its application~reasandto eliminatethese
limitations,combinationof latentandsensibleheatstoragemethodsusingheatof
adsorptioncanbepromising.
Heat of adsorptiontogetherwith sensibleheat in adsorption-desorption
cycledependsmainlyupontheavailabilityof theappropriateadsorbent-adsorbate
pairs.Thecriterionsin choosingthepaircanbeoutlinedas:
1. Affinity of pair for each other (e.g., shapeof isotherm,adsorption
capacity)
2. Somethermalandtransportpropertiesof the pair (e.g., specificheat,
thermalconductivity,diffusivity)
3. Degredationwithcycling.
Moreover,materialsusedin energystorageshouldhavesuitableproperties
suchas mechanicalproperties,long lifetime,low cost,availability,low massand
volume.
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As anadsorbent,zeolitehasbeenreportedto beoneof themostconvenient
energystoragematerials,especiallyin adsorption-desorptioncycle[6-9).Zeolites
areporousaluminosilicatesof GroupIA andGroupIIA elements.Scientificinterest
andapplicationsincreasedsignificantlyaftertheywere first discoveredin 1756.
Zeoliteshavesomesuperiorpropertiessuchas high ion-exchangecapacity,high
adsorptioncapacityandcatalyticproperties.They can adsorblargequantitiesof
vapor,rangingfromwatervaporandammoniato freonsandcarbonoxides,evenat
lowpartialpressures.On theotherside,whentheyareheatedtheydesorbmostof
thevaporevenathighvaporpressures.
As it is describedabove, zeolitescan be utilized in energystorage
applications.Thereareseveraladsorbent-adsorbatepairs.Water-zeolitepair seems
to beattractivefor energystoragesystemsbecauseof its highheatof adsorption,
highadsorptioncapacityandhighenergydensity.
Nowadays,zeolitesareutilizedin manyapplicationsandtheirusein energy
storagehave been investigatedby many researches.DUrn et al [5,10-16]
investigatedtheuseof zeolitesin heatrecoveryand constructedvariousenergy
storagesystems.Somepossibleapplicationmodessuchasadsorptionheatpumps
weredemonstrated
[10-12,14,15,17-20).Advantagesof theadsorption-desorptioncyclewereexplained
andcharacteristicpropertiesof clinoptilolite(naturalzeolite),[8,13,21]werealso
described.Moreover, theoreticalanalysisof severaloperatingsystemswere
comparedwithexperimentalresults.Alefeldandhiscolleagues[17]studiedvarious
adsorptionheatpumpsas well as conventionalheatpumpsand describedtheir
performances.Some adsorptionpropertiesof zeolitesrelatedwith the energy
storagein thermodynamicsystemswere given by Restucciaet al [20,22,23).
Advantagesof zeolite-wateradsorptionprocesswereexplained.Tchernev[18,19]
investigatedthe principlesof the zeolite adsorptionheatpump and calculated
coolingand heatingefficienciesof the systemrelatedto adsorption-desorption
cycle.
Althoughzeoliteshaveverygood adsorptionproperties,low heattransfer
properties,especiallylow thermalconductivityof the zeolitepelletbedsare the
maindrawbacksof adsorptionthermaldevices.Thesepropertieswould limit the
performanceof an adsorptionheatpumpin relationwith two coefficients:the
----~l.~. 2
specificpower and the coefficientof performance(COP). The former mainly
dependsonthesizeandtheinvestmentcostof thesystemandthelatteris related
withtheenergyefficiencyandtheoperatingcostof thesystemasindicatedbyPino
etal.[23]
Groll [24]studiedtheproblemsrelatedto heattransferenhancementinside
theadsorbentbed.Experimentalresultsof effectivethermalconductivities(keff)for
differentadsorbentbedmaterialswerereported.Highlyporousmetallicfoams(Ni,
Cu) formingporousblocks filled with 4A zeoliteswere shownto havehigher
effectiveadsorptionbed thermalconductivity(1.7-8.3W/mK) comparedto 4A
zeolite(0.36W/mK).Highlyporousmetallicfoamsandfin likestructuresfilledwith
metalhydridesimprovedkeffgiving a valueof 4 W/mK. While metalhydrides
containing18 and 31 wt % AI powderhad evenhigherkeff,11 and23 W/mK
respectively.Metalhydridecompactswerestatedto beshortof anticipatedspecific
poweroutputbreakthroughgoal of 1 kW/kg. However,specificpower outputs
greaterthanbreakthroughgoalwerestatedto bewithinreach.
Pinoetal. [23]studiedthepreparationof newcompositematerials,basedon
zeolite4A with high thermalconductivityfor heat pump applications.In the
compositepreparation,SiC, ShN4 andgraphitewereusedasadditivesandPTFE,
Al(OH)3 were used as binders.Compositeswere characterizedin terms of
equivalentthermalconductivityand maximumwater adsorptioncapacity.To
measureequivalentthermal conductivity,hot wire method was used. For
comparison,an equivalenthermalconductivityof 0.09W/mK for a zeolitebed
wasreported.InformationaboutthesamplespreparedwithPTFE binderandsome
highthermalconductivityadditivesare givenin Table 1. The samplewith only
binderwas consideredas basecase.It was observedthat the additivesslightly
decreasedtheadsorptioncapacityprobablydueto thereducedamountof adsorbent
materialandporosity.In termsof equivalentthermalconductivity,graphiteshowed
a reasonableincreasewhereasthe additionof SiC and ShN4 resultedin a slight
decrease.Probablythesetwo additiveswereveryrigidanddo notcontributeto a
mechanicalcontactbetweenzeoliteandthe additiveparticle;on the otherhand,
graphiteis a rathersoftmaterialwhichis likelyto improvetheequivalenthermal
conductivity.
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Table 1Zeolitebasedcompositesampleswithadditives
PTFE SiCShN4GraphiteEquivalenthermalMaxi umAmount
(%)
(%)(%)(%)cond ctivity,W/mKAdsorbed,wt%
10
00 0 0.15 21.30
10
1 19.71 2 0 0510 . 8 8 9
The resultsobtainedfor zeolitebasedcompositeswith 40 wt% binders
containingaregivenin Table2. The highestthermalconductivityandadsorption
capacitywas observedwith samplespreparedusingaluminumhydroxideas the
binder.A simplemodelwas developedin orderto comparecompositesin heat
pump applications.Using this model, the influenceof the effectivethermal
conductivityof abinderontheglobalheattransfercoefficientwasexamined.It was
foundthat the highestglobal heat transfercoefficientwas obtainedwith the
compositesboundwith aluminumhydroxide.This producedan increasein the
specificpower of the adsorptionheatpump from 100 W/kg obtainablewith
pelletizedbedto a valueof about400W/kg.Moreover,two componentcomposite
materials( zeolite+binder)wereconcludedto bepreferableoverthreecomponent
materialscomposedof zeolite,binderandadditive.[23]
Table 2 Effectivethermalconductivityand maXImumadsorptioncapacityfor
zeolitebasedcompositescontaining40% binders
Bindertype Effectivethermalconductivity,
W/mK
0.25
0.36
0.43
MaximumAmountAdsorbed,
wt%
14.13
14.74
23.27
Variouspossibilitiesandlimitsin heattransferenhancementin adsorption
bedswereinvestigatedby GuilleminotandGurgel[25,26].Theymeasuredeffective
adsorbentbed thermalcondutivitiesfor binary mixturesof differentsizes of
adsorbentgranularsof eitherglassbeads,steelspheresor zeolitepelletsandfor
- .. ----;
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mixtureof glassor zeoliteadsorbentswithCu andNi foams.Theparticlesizesand
conductivitiesof adsorbentgranularsaregiveninTable3. Thebedeffectivethermal
conductivitywasobservedto increaseby 26 % (from0.09to 0.113WmK) with
bimodalmixtureof zeoliteparticlescontaining75% coarseparticles.Theadsorbent
typewasobservedto havea significanteffecton thermalconductivity,i.e., steel
spheresandglassbeadsprovidedeffectivethermalconductivitiesof 0.67and0.29
respectively.The copper foam and zeolite pelllets mixture had a thermal
conductivity133% greaterthanthatof thezeolitebedalone.Theuseof metallic
foamandandzeolitemixturein adsorbentbedswasrecommended.
Table3Particlesizesandthermalconductivitiesof glassbeads,steelspheresand
zeolite
GlassBeadsSteelspheresZeolite
Coarseparticlesdiameter,mm
10.010.254.0
Fineparticlesdiameter,mm
1.52.040.5
Thermalconductiv ty,WI K
0.932 .00. 8
Cacciolaet al [24] tried to improvethe heat transferbetweena solid
adsorbentmaterialanda heatexchangermetalsurfacebyprovidinga closecontact
with the metallicsurfaceandthe adsorbentbed,usingadsorbentswith different
thermalconductivities.Therefore,differentforms of the solid adsorbentwere
prepared.An organicbinder,PTFE, wasusedwithveryfinezeolitepowdersin the
preparationof thesamples.
Sahnouneand Grenier [27] calculatedthe thermalconductivityof NaX
zeolite pellets from measurementsof the conductivityof a bed. Thermal
conductivityof a glassbedin thepresenceof gaseswasalsocalculatedin orderto
makeacomparison.Thermalconductivityof thezeolitebedwascalculatedas0.119
W/mKwhereasit was0.194W/mK for theglassbedunderthesameconditions(in
nitrogenatmosphere,at 200 mbar). Liu et al. [22] measuredthe thermal
conductivityof zeolitebrick usinga simpleand fast methodbasedon transient
conditions.Operationprinciple,themeasurementconditionsandtheexperimental
deviceweredescribed.Thezeolitebrickwaspreparedusinga veryfine 13Xzeolite
powder[28,29].
Thermalconductivityof clinoptilolitecanbeincreasedbythepreparationof
clinoptilolite-basedcompositeswhich offers an advantagefor improvingthe
performanceof theenergystoragesystems.In thisstudy,zeolitebasedcomposites
werepreparedfollowingpowderrouteas a compositepreparationmethodand
aluminium,aluminiumhydroxideandgraphitewereusedasadditivesandpolyvinyl
alcohol(PVA) wasusedasabinder.Thethermalconductivitiesof thesecomposites
weredeterminedbyusinganexperimentalsetuputilizingthehotplatemethod.
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ChapterII
ADSORPTION AND ADSORBENTS
Adsorptioninvolvesthe preferentialpartitioningof substancesfrom the
gaseousor liquidphaseontothesurfaceof a solidsubstrate.The materialin the
adsorbedstateis knownastheadsorbate,as distinctfromtheadsorptive,i.e. the
substanceinthefluidphasewhichis capableof beingadsorbed.[30,31]
Desorptionis thereverseprocessof theadsorption,in whichtheadsorbed
speciesarereleasedbackfromtheadsorbentto thesurrounding.
2.1.Physicaland ChemicalAdsorption
Therearetwo typesof adsorption;physical(physisorption)andchemical
adsorption(chemisorption).PhysisorptioninvolvesmainlyVan der Waals forces
andelectrostaticforceswhereaschemisorptioninvolvestransferringandsharingof
electronsbetweentwo phases;anda newchemicalcompoundis formedasa result
of chemicalbondformationbetweentheadsorbateandtheoutermostlayerof the
adsorbent.
Physicaladsorptionis a reversibleprocessassociatedwith low heatsof
adsorption.Chemicaladsorptioninvolveshigherheatsof adsorptionandit is not
reversible.Because,physisorptionis very fast it reachesto equilibriumrapidly.
[30,31]
2.2.AdsorbentsandAdsorptionEquilibria
2.2.1.Commercialadsorbents
Commercialadsorbentsareporoussubstancespossessinginternalsurface
areasmuchgreaterthanexternalsurfaceareas;theirtotalsurfaceareasof themare
almostequalto theirinternalsurfaceareas.Adsorbentscanbeclassifiedaccording
to theirporesizes,pore volumesand surfaceareas.Classificationof adsorbents
accordingto theirporesizesis giveninTable4.
7
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Table4 Classificationof adsorbentsaccordingto theirporesizes[5]
Poresize
Micropores
<~20AD
esopores
~20AD - 500AD
acropores
> 500AD
Activatedcarbon,silicagel,activatedaluminaand zeolitesare common
commercialdsorbentsutilizedintheindustry.
Zeolitesarecrystallinealuminasilicatesof groupI or II elements.Theyhave
uniformpore sizesrangingfrom 3 to 10 angstroms[5] and their regularpore
structuremakesthemsuitablefor adsorptionapplications.Theyhavea highinternal
surfaceareareachingto 800-1000m2jgm [5].Theycanadsorbpolarandnonpolar
moleculesif properconditionsareprovided.Theycanadsorbwatervaporwithhigh
heatof adsorptionevenat very low concentrations.Activatedcarbonis an inert
adsorbentmaterialwith a networkof millionsof microscopicchannel-likepores.
Underthe microscopean activatedcarbonparticlelooks like a naturalsponge
perforatedwith countless small and very dense interconnectingchannels.
Conventionaltypesof activatedcarbongenerallyhavetridispersepore structure
(micropore,mesoporeand macropore).Silicagelhas a very large adsorption
capacityespeciallyfor water.This abilityis usefulonlyat roomtemperaturesbut
notat elevatedtemperatures.On the other hand,activatedaluminahas higher
adsorptioncapacitythansilicagelandit is generallyusedasa desiccantfor drying
applications.
2.2.2Adsorptionequilibria
Adsorptionequilibriais a relationshipbetweenthe adsorbentand the
adsorbate.Amount of fluid adsorbedon a porous solid is determinedby the
temperatureand the pressureof the surroundingmediafor the systemunder
consideration.Experimentalequilibriumdatacanbepresentedthreedifferentways
[5]:
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-AdsorptionIsotherms,the plot of amountadsorbed(x) as a functionof
equilibriumpressure(P) atconstantemperature(T) ,
-Adsorption Isobars, the plot of amountadsorbedas a function of
temperatureatconstantpressure,
-AdsorptionIsosters,the plot of equilibriumpressureas a functionof
temperatureatconstantamountof gasor vaporadsorbed.
2.2.3Heatof Adsorption
Heat of adsorptionis definedas the heatevolvedduringthe adsorption.
Magnitudeof heatis relatedto the contributionof electrostaticinteractionsin
additionto the Van der Waalsforces.The enthalpychangeof the adsorbateon
adsorptionis denotedby M1. It is determinedas3.3kcal/molefor argonadsorbate
onLiX zeoliteadsorbent.[7]
2.3.Zeolite
2.3.1.History
In 1756,Cronstedt,a Swedishmineralogistdiscoveredthe first zeolite,
stillbiteandmadea classificationof naturalzeolites.He foundthatzeoliteslose
waterapidlywhentheyareheated.For thisreason,heusedtheGreekwords"zeo"
and"lithos"meaningstonethatboilsandcalledthismaterialzeolite.[32]
In 1857,Damour [33] reportedthe hydration-dehydrationpropertiesof
zeolites.In 1858, Eichhorn [34] showed some characteristicion-exchange
propertiesof zeolites.In 1925,Weigel and Steinhoff [35] demonstratedthe
separationof gasmoleculeson thebasisof sizeby adsorption.In 1932, McBain
[36]termedthisphonemenon'molecularsieving'andit becamepopularandis still
usedtoday.Until 1970'sadsorptionandmolecularsievingapplicationswerestudied
andsomenew zeolitetypeswere synthesized.In this period,somecommercial
applicationswerefoundandzeolitesbecameanimportantindustrialproduct.From
1970stotoday,researchonzeolitesincreasedandtheirusein industrialapplications
haveexpanded.
9
2.3.2.Composition
Zeolite is a porouscrystallinehydratedaluminosilicatewith a cage-like
structure.Its frameworkstructureenclosescavitiesoccupiedby watermolecules
and cationswhich can move freely permittingreversibledehydrationand ion
exchange.
Therearemorethanmorethan40 typesnaturalzeoliteswhilesynthesized
zeoliteshavemorethan150types.Zeolitesoccurashydrates,andzeolitescontain
atleastonesiliconatomperaluminumatom.A representativeempiricalformulaof
zeolitescanbe givenas M2/nO.Ah03.xSi02.yH20whereM is the exchangeable
cationof valencen. M is generallya GroupI or II ion.Thenegativechargebythe
presenceof aluminumcanalsobebalancedby othermetal,non-metalandorganic
cations.[7]
2.3.3.Structure
Zeoliteshave a rigid, three dimensionalcrystallineframework(like a
honeycomb)arisingfromanopenframeworkof (Si04) and(Al04) tetrahedralinked
together.Thesetetrahedrascanbecalledasprimarybuildingunitswhichareshown
inFigure1.Thetetrahedralinktogetherleadingto theformationof ringsandcages
whicharecalledas SecondaryBuildingUnits (SBU's) asshownin Figure2. They
maybe simplepolyhedrasuchas cubes,hexagonalprisms,or octahedra.SBU's
form the final structureof the zeolite.The rings formingchannelsinsidethe
structure,thestructurallyimportantfeaturesinzeolites,areoftenknownas'oxygen
windows'.[6,7]
• I
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Figure 1Primarybuildingunitsof zeolite,[Al04] or [Si04] tetrahedra[6]
Therearetwo differentfeaturesinzeolites:
1)Internalporesystem,
2)A systemof uniformchannels.
Theformerincludesinternalcage-likevoids.In thelatter,somechannelsare
one-dimensionalandothersprovidetwo- or three-dimensionalchannelsystemsby
intersectingwithsimilarchannels.
<----.-z> C~)6 8
B4-4
tQ
4=1 5-1 4-4=1
Figure 2 SecondaryBuildingUnit Classification[9]
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2.3.4.Adsorptionand ion-exchangeproperties
Adsorption: Uniformporesizedistributionof zeolitesenablesseparations
basedon the molecular-sieveffect.This effectprovidesseparationof materials
accordingto differencesin theirmolecularsizes.Size,shapeandotherproperties
like polarityof zeolitescan provide sharp separations.As a result, zeolites
selectivelyadsorbor rejectmolecules.[7,8]
Electrostaticinteractionsarevery importantfor an internalzeolitecavity.
Also,thereis a stronginteractionbetweenthezeoliteandpolarmoleculesuchas
water.In otherwords,zeolitespossessa highaffinityfor water.Strongelectrostatic
fieldwithinthezeolitecausesadsorptionof non-polarmolecules.In addition,crystal
structureof thesematerialsdo notchangeafteradsorbingor desorbingvapor.This
propertymakesthemapplicablein someindustrialapplicationslike desiccationand
energystorage.As adesiccant,zeoliteis veryeffectivein controllingmoisturelevels
especiallyin low humidityranges.
Zeoliteshavehighheatof adsorptionandabilityto hydrateanddehydrate.
Thesepropertiesenableto use of zeolites in energy storage applications.
Importanceand the mechanismof energystorageprocessesusing zeolitesare
explainedinthefollowingchapter.
Ion exchange : Sincezeolitesare porous,cationscan movefreelyand
migratein andoutof zeolitestructures.ThehigWyselectiveion exchangecapacity
makeszeolitesbeneficialin controllingspecificcationiclevelsin water systems,
agricultureandinmanyotherareas.[7]
2.3.5.Industrial Importanceof Zeolites
Zeolitesarewidelyusedintheindustryandtheyhavemanyapplicationareas
suchaswastewatertreatmentandgas treatment[8).They can alsobe usedas
livestockfeedadditivesandfor odorcontrolin agriculture.Zeolitesareutilizedas
adsorbentsin oil industryandin energystorageapplicationsuchas heatpumps,
heatransformerandrefrigerator[11,12).Moreover,theycanalsobeusedaswater
softenersindetergentbuildersreplacingtheundesiredpolyphospate.
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2.3.6.NaturalZeolites
Zeoliteasa mineralwasformedfromdepositionof ashfromvolcanoesin
alkalinelakesmanyyearsago.In otherwords,formationof thezeolitemineralscan
beexplainedasthenaturalalterationof volcanicashinalkalineenvironments.
Someof themostcommonnaturalzeolitescanbelistedas:
Analcime(HydratedSodiumAluminumSilicate)
Chabazite(HydratedCalciumAluminumSilicate)
Edingtonite(HydratedBariumAluminumSilicate)
Epistilbite(HydratedCalciumAluminumSilicate)
Erionite(HydratedSodiumPotassiumCalciumAluminumSilicate)
Goosecreekite(HydratedCalciumAluminumSilicate)
Gmelinite(HydratedSodiumCalciumAluminumSilicate)
Harmotome(HydratedBariumPotassiumAluminumSilicate)
Heulandite(HydratedSodiumCalciumAluminumSilicate)
Laumontite(HydratedCalciumAluminumSilicate)
Levyne(HydratedSodiumCalciumAluminumSilicate)
Mesolite(HydratedSodiumCalciumAluminumSilicate)
Mordenite(HydratedSodiumPotassiumCalciumAluminumSilicate)
Natrolite(HydratedSodiumAluminumSilicate)
Phillipsite(HydratedPotassiumSodiumCalciumAluminumSilicate)
Scolecite(HydratedCalciumAluminumSilicate)
Stellerite(HydratedCalciumAluminumSilicate)
Stilbite(HydratedSodiumCalciumAluminumSilicate)
Thomsonite(HydratedSodiumCalciumAluminumSilicate)
Naturalzeolite,clinoptilolitewasusedin thiswork. Clinoptiloliteis a silica-
richmemberof theheulanditefamilyof naturalzeolitesandit is isostructuralwith
thezeoliteheulandite.Clinoptiloliteandheulanditedifferonly in frameworkand
exchangeion composition.Clinoptiloliterepresentsthe highersilicaform of this
structureandit wasfirstdiscoveredin theUSA in the 1930s.Clinoptiloliteoccurs
inlargemineabledepositsof relativelyhighpurityin manypartsof Turkeyandthe
World.
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Clinoptilolitecanbecolorlessorwhite.It hasglassyor silkyluster.It is very
stabletowardsdehydrationandreadilyadsorbswatervaporandcarbondioxide.It is
thermallystableis 700°C inair.Thegeneralformulafor clinoptiloliteis:
(Na,K)6(AI6Sho012)-20H20
Physicalpropertiesof clinoptilolitearegivenbrieflyin Table5.
Table5Variousphysicalpropertiesof theclinoptilolite[7,13]
Density(kg/m3) 967-1525
Si I AI ratio
4.25-5.
Poredimension(Ao)
(4.4x 7.2), (4.1x 4.7)
Th rmalconductivity
(W/mK)0.185-0.606
Spec ficheat( kJ/kgK)
1.421
Void volu e(%)
0.34
Thereareseveralapplicationareasof clinoptilolitein industry:naturalgas
purification(removalof CO2,H2S,N2andH20),drying,airseparation(bothO2and
N2 production),flue gas cleanup (S02 removal),and coal gasification(NH3
removal).
It canalsobe usedas an ion exchangerfor ammonia,as a filler in paper
industry,asa componentof slowreleasefertilizersandsoil conditioners,andasa
dietarysupplementinanimalfeedstock.
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ChapterIII
ADSORPTION IN ENERGY STORAGE
Adsorption-desorptioncycleis oneof thepossibleapplicationmodesto store
energy.
Adsorptionheatpumps(or refrigerators)andheattransformersareexamples
forenergystorageapplications.Therearemanyfactorswhichshouldbetakeninto
accountin energystorageincludingmass,volumeandcostof thestoragesystemas
well as efficiencyof the system.Among thesefactors,the choiceof the most
appropriateadsorbent-adsorbatecombinationis veryimportantsinceit is the key
partof theadsorption-desorptioncycle.
3.1Adsorbent-AdsorbatePairs in The EnergyStorage
The performanceof a systemutilizingan adsorption-desorptioncyclemainly
dependsuponthe availabilityof the properadsorbent-adsorbatepair, the maximum
capacityof theadsorbentfor theadsorbate;amountof heatreleaseduringadsorption
(heatof adsorption),affinityof thepair for eachother(e.g.,adsorptionisotherms,
isobars,isosters),boiling point of the adsorbate,latentheatof vaporization,heat
capacity,thermalconductivity,massdiffusivity,abilityfor reactivationwiththesuitable
energysource, cost and availability.Besides, operationtemperatureslike bed
temperature,condenserandevaporatortemperatureswhichchangeaccordingto the \
specifiedesignconditionsalsoaffectstheperformanceof thesystemandshouldbe
consideredinthechoicetheappropriatepair.
There are severaladsorbent-adsorbatepaIrs includingammonium-calcium
cWoride,water-zeolite,methanol-activecarbon,water-silicagel.Silicagel-waterpairis
suitablefor low energygradeapplicationsrequiringlow regenerationtemperature.
Methanol-zeoliteor methanol-activecarbonpairscanalsobeusedfor low temperature
applications(lowerthan0 DC).
Thelatentheatof wateris verylargecomparedto otheradsorbates.Zeoliteand
waterhavehighheatof adsorptionwithhighadsorptioncapacity.Thesecharacteristic
propertiesmake zeolite-waterpair superior for energy storage systems.Other
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advantagesof thispairarereversibility,negligiblecorrosivenessandconstantvolume
duringadsorption.
3.2.Applicationof Adsorption Systemsin EnergyStorage
Adsorption-desorptioncyclecanbeutilizedfor storingenergyfor lateruse.
Solarenergy,wasteheat,peakelectricityandothersourcesof thermalenergycanbe
recovereduringthedesorptionprocessas latentheatandsensibleheat,andthen
thisrecoveredenergycan be utilizedefficientlyduringthe adsorptionprocess.
Dependingupontheprinciplesof adsorption-desorptioncyclesomestoragedevices
canbeconstructedeasilyandthesystemsincludingthesedevicescanbasicallybe
classifiedintwogroups:openandclosecyclesystems.
OpenCycleSystems
An adsorbentbedin whichhumidair is driventhroughis thekeycomponent
III thesesystems.Since it is an exothermicprocess,heat is releasedduring
adsorption.As a result of the heat of adsorption,the temperatureof the air
increases.,theAir possessesrelativelyhightemperatureandlow humiditywhenit
leavesthe bed which can be utilized for drying processesand dessicantair
conditioning.
Theworkingprincipleof theopencycleis verysimpleasstatedpreviously.
DUrn etal. [10,12,13,16]constructedseveralairdryingandheatingsystems,two of
themostcommonapplicationmodesof theopencyclesystem.Thesystemshownin
Figure3 consistsof anadsorptioncolumn(adsorbentbed)andan air conditioning
section.Thecolumnwasmadeof polyethylenepipeandconsistedof two concentric
cylinders.Thermocoupleswere placed into the column for temperature
measurementsandprobeswereinstalledfor humiditymeasurementsattheinletand
theoutletof thecolumn.
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Adsorbent
column
Blower
Air conditioner
Figure 3 Air dryingandheatingsystem[7]
CloseCycleSystems
Heatpumps(or refrigerators)aredevicesfor transferringheatfrom a low
temperaturesourceto a high temperaturesourceby meansof availableenergy
sources.
Traditionalthermodynamicsystemsuchascompressionrefrigerators,hown
in Figure4, andthe systemsusingadsorptioncycle,shownin Figure 5, can be
compared.The advantagesof theadsorption-desorptioncycleoverthetraditional
heatpumpsystemscanbegivenas:
1. Ability to operatewith variousenergysources(suchas solar energy,
geothermalenergy,peakelectricity),
2. Energyrecoveryandstorage,
3. Lack of compressorandpumps,
4. Highprimaryefficiency,
5. No vibrationproblems.
L. - 17
Compressor
a
Evaporator
d
b
,Z. Condenser
c
Throttlin2
Figure 4 Schematicdiagramof atraditionalcompressionrefrigerator
Adsorbentbed
_.-0_._._._._.--!:[--_._._.D_._.
Condenser
Evaporator
Figure 5 Schematicdiagramof a simpleadsorptionheatpump[1OJ
An adsorptionheatpump,showninFigure5, is a typicalexamplefor closed
cyclesystemsandit consistsof an adsorbentbed,a condenserandanevaporator.
Workingprincipleof thecycle,showninFigure6, isverysimple:
1-2Isobaricheatinganddesorption:Adsorbentbedis heatedat constantpressure
desorbedvaporcondensesinthecondenser.
2-3 Isostericcooling: Adsorbentbed is cooled down while the massof the
adsorbentremainsconstant.
3-4Isobariccoolingandadsorption:Thetemperatureof theadsorbentbeddecreases
whileadsorbingthevaporcorningfromtheevaporator.
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4-1Isostericheating:Adsorbentbedis heatedagainwhilekeepingthemassof the
adsorbentconstant.
Pressure(kbar)
Condenser
Pc ----------------------
e
Evaporator
4
c 1
3
2
Temperature(oC)
Figure6 An adsorption-desorptioncyclefor adsorptionheatpumps[10]
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ChapterIV
DETERMINA TION OF THERMAL CONDUCTIVITY
Severalmethodscan be used for meaSUrIngthermalconductivitiesof
materials.Methodscommonlyappliedareconsideredhere:Hot Wire Method,the
HeatFlow MeterMethodandHot PlateMethod.
4.1Hot Wire Method
A heaterwire is extendedthroughthecenterof an endlesshomogeneous
cylindricalsampleatconstantheatfluxasshownin Figure7 (37].Thetemperature
ofthewireincreasesexponentiallyasgiveninequationl[22,38]andFigure8:
q (_ r2)T(r,t) =- -4-Jrk-Ei -4-a-t 1
Thisequationwasderivedfromthetheoryof heattransferfromalinearheat
sourcein aninfinitehomogeneousmassasproposedearlierby CarslawandJaeger
[38].By expandingEi in a powerseriesandmakingsomearrangementsin this
equation,a linearrelationshipcanbeobtainedby convertingtimeinto logarithmic
scaleasshownin Figure9. Whengreaterlinearangleis observedin thisfigure,it
showsthatthesamplehaslowthermalconductivity.
sample heater
thermocouple
Figure 7 Schematicdiagramof hotwiremethodsetup
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Thermalconductivityis determinedat eachtimeintervalcorresponcingto a
temperatureincreaseusingfollowingequation(22]:
k = q.ln(t2 / t])
41l".(~-1;)
where,
k : thermalconductivityof sample(W/mK)
q : thermalunitof heaterperunittimeandlength(W)
tl, h:time(second)
T1, T2 : temperatureattl andh(K)
2
Temperature
(oC)
T2 ----------------,
To
Time (s)
Temperature
(oC)
To
t2 Time log(t)
Figure8 Variationof temperaturewithtime Figure 9 Variationof temperaturewith
logarithmictime
Although hot WIre methodis a fast and simplemethodfor thermal
conductivitymeasurements, therearesomesamplesizerequirements.It mustbe
infinitelylongandthick.Sizeof thesampleshouldnotbesmallbecauseheatlossto
the surroundingwill affect the measurement.Minimum requiredsamplesize
dependson thermalconductivityof thesample,timefor measurementandloaded
thermalenergy.
4.2HeatFlow Meter Method
In heatflow metermethod(Figure10),sampleis placedbetweentwo heated
plates,eachcontrolledat a differentemperature[38,39].Heatflows fromthehot
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plateto thecoldplateandthethermocouplesmeasurethetemperaturedropacross
thesample.Meanwhile,a sensitivetransducermeasurestheheatflux in termsof
voltage.Afterthermalequilibriumis established,thermalconductivityis determined
fromtheFourier'sLaw of Conduction[38,39]:
3
where,
Q/A: heatfluxthroughthesample(W/m2)
Th-Tc: thehotandcoldplatetemperatures(K)
d : samplethickness(m)
This method requirescalibrationwith a materialof known thermal
conductivityto obtainarelationbetweenthevoltageandtheheatflow.
HEAT FLUX TRANSDUCER
COLD PLATE
Figure 10Schematicdiagramof heatflow metermethodsetup
4.3Hot PlateMethod
Hot platemethodsetupconsistsof two identicalsamples,a mainheaterand
two auxiliaryheaters[40]. Each sampleis placedbetweenthe mainheaterand
auxiliaryheateras illustratedin Figure 11. The mainheateris kept at a higher
temperaturethanauxiliaryheaterswhosetemperaturesshouldbethesame.
Thermocouplesmeasurethetemperaturedropacrossthesample.The heat
flowthroughthesampleis equalto thepowersuppliedto themainheater.When
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steadystateconditionsareestablished,thermalconductivitycanbecalculatedusing
equation3.
SAMPLE i
~~MAINHEATER
Figure 11Schematicdiagramof hotplatemethodsetup
Amongthesemeasurementtechniques,hot plateis themostpracticaland
appropriateonefor thedeterminationof thethermalconductivity.Sincethereis no
calibrationrequirementas in thecaseof heatflow metermethod,thereis no size
limitationfor the sampleas in thecaseof hot wire method.Hot platemethodis
basedon steadystateconditionsandallowsthedirectmeasurementof thethermal
conductivityof amaterial.
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ChapterV
COMPOSITES AND COMPOSITE PREPARATION
METHODS
A compositematerial[41]canbedefinedasa materialconsistingof two or more
physicallyand/orchemicallydistinct,suitablyarrangedor distributedphases.It has
characteristicsthatarenotdepictedbyanyof thecomponentsin isolation.Generally,one
componentactsas a matrixin whichthe secondphaseis distributed.Thereare three
commonlyacceptedtypesof compositematerials:
I.Fibrouscompositeswhichconsistof fibersin amatrix
2.Laminatedcompositeswhichconsistoflayersof variousmaterials
3.Particulatecompositeswhicharecomposedof particlesin amatrix
Fibrous compositesare composedof strongand stiff brittlefiberswhich are
incorporatedintoa softer,moreductilematrix.Thecrystalsarealignedinthefiberalong
thefiberaxis.Moreover,therearefewerinternaldefectsin fiberthaninbulkmaterial.
Laminatedcompositesare composedof layersof differentmaterialscalled
laminates.Laminatedcompositesaredesirablewhenlargesurfaceareaof thematerial
arerequired.Laminationis usedto combinethebestaspectsof theconstituentlayersin
orderto achievea moreusefulmaterial.The propertiesthat can be emphasizedby
laminationare strength,stiffuess,low weight,corrosionresistance,wear resistance,
thermalinsulation,acousticalinsulation.Suchclaimsarebestrepresentedby bimetals,
laminatedglass,plastic-basedlaminates,and laminatedfibrouscomposites.They are
inexpensiveto manufactureandbehaveunisotropically(in-planepropertiesaredifferent
fromout-of-planeor thicknessdirectionproperties).
Particulatecompositematerialscontaina largenumberof randomlyoriented
particles.Consequently,particulatecompositesbehaveisotropically,i.e; the material
propertiesarethesameregardlessof thedirectionalongwhichtheyaremeasured.
Studiesrelatedto compositematerialsandtheirpreparationhaveexpandedsince
...-\__.. _ I
improvementof materialpropertiesjsoneof thebasicpurposesof materialscientists.
\ .,
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Compositepreparationmethodscanbeclassifiedin threegroups:powderroute,
sol-gelrouteandreactionroute.The mostcommonone is the powderroute. In this
methodmaterialsaremixedandthenhotpressed.Thedetailsof powderrouterelatedto
thisstudyis givenin thefollowingchapter.In thesol-gelroutethecompositesarefirst
mixedandgelled,thencrushed,calcinedandfinallyhotpressed.However,in thereaction
routeaftermixingsinteringis thenextstep.It is thermallytreatedto completesolidstate
reaction.
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ChapterVI
EXPERIMENTAL
6.1Materials
Naturalzeoliteusedin thisstudywas clinoptiloliteobtainedfrom Gerdes,
Turkey.The propertiesof theclinoptiloliteis givenin Table5 in Chapter3. PVA,
purchasedfrom Aldrich ChemicalsCompany,was used as the binder. The
propertiesof thismaterialcanbefoundinTable15inAppendixAI. Threedifferent
materialswereusedas secondphasesto preparezeolite-basedcomposites.These
werealuminium,aluminiumhydroxide,andgraphite.The first two materialswere
receivedfrom Merck Limited Companyand graphitefrom Aldrich Chemicals
Company.The propertiesof thesematerialsaregivenin Table 13, 14 and 16 in
AppendixAI, respectively.
6.2ClinoptilolitePowderPreparation
Clinoptilolitepowderswere preparedfrom clinoptiloliteparticleshaving
diameterslessthan2 em.Thesenaturalrockpiecesweregroundby a ballmill for 4
hours.The detailsof the millingoperationis givenin AppendixA2. Powders
obtainedfromtheball millwas driedat 65°Candsievedthrougha 45 !lm SIeve.
Thispowderwasusedasthematrixin thepreparationof composites.
6.3MaterialsCharacterization
Clinoptilolitewas characterizedby ASAP 2010AccelaratedSurfaceArea
andPorosimetrySystemin whichnitrogenwasusedastheadsorptivegasat liquid
nitrogentemperature.Degassingwasdoneat 350°C andsurfacepropertiesof the
clinoptilolitewere determinedusing volumetricmethod.BET surfaceareaand
Langmuirsurfaceareaweredeterminedas47.4m2/grand55.3m2/gr,respectively.
Bothsurfaceareashavethesamecorrelationcoefficientof 0.999.
Materialsusedin compositepreparationwerecharacterizedin theparticle
SIzeanalyzer(Malvern InstrumentsLtd.). Particle size analysisresultsof the
clinoptilolitepowderis given in Table 10 and Figure 24 in AppendixA2 and
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aluminumhydroxideasgivenin Table11andFigure25 in AppendixAJ. Average
meanparticlediameterswere determinedas 15.91and 24.26 !lm, respectively.
Agglomerationmighthaveaffectedthisparticlesizeanalysisresults.On theother
hand,as graphiteand aluminumare very fine powders,it was not possibleto
determinetheirparticlesizes.Particlesizeof thegraphitewasreportedto be 1-2
!lmbythechemicalcompany.
Thermalbehaviourof theclinoptiloliteandthecompositeswereinvestigated
by ThermogravimetricAnalyzer(TGA), DifferentialScanningCalorimeter(DSC),
and Differential Thermal Analyzer (DTA). Thermal analysis measurements
(ShimadzuThermal Analyze Instruments)were performedon clinoptilolite,
clinoptilolite-PVA andtheclinoptilolite-basedcompositescontaining%20 second
phases.Heatingratewaskeptconstantat 10°C/minin all theanalyses.Nitrogen
wasusedastheadsorptivegasduringtheanalysisandits flow ratewas 15ml/min
forTGA and20ml/minforDTA andDSC.
Thermal conductivitiesof the clinoptilolite,clinoptilolite-PVA and the
preparedcompositesweredeterminedby usingtheexperimentalsetupfor thermal
conductivitywhichwasdescribedpreviouslyin section6.5.
6.4CompositePreparation
Clinoptilolitecompositeswith differentcompositionswere preparedby
usingvaryingamountsof aluminium,aluminiumhydroxideandgraphitepowdersas
secondphases.Theywerelabelledin termsof compositecomponentsweightratio,
asgiveninTable6. Thecompositepreparationprocedureconsistedof threesteps:
1. Thepreparationof mixturesof zeolite,binderandsecondphasepowders
2. Pelletpreparation
3. Thermaltreatment
Cracksanddefectswereobservedin thepelletswhentheywereprepared
withoutusinga binder.Therefore,PVA was addedas the bindersinceit has a
bindingeffectandit distributesinorganicmoleculesin compositematerials.PVA
wasaddedto clinoptilolitein suchanamountthatwould givea 3% massratioof
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PVA. PVA wasdissolvedin distilledwaterby heatingup to 60°C. The solution
obtainedwas addedto theclinoptiloliteandthrouglymixed.This suspensionwas
thendriedatabout70°C to have3%PYA intheclinoptilolite.
Aluminium,aluminiumhydroxideandgraphitepowderswereaddedto the
clinoptilolitecontaining3% PYA in varyingamountsto get differentzeolite
compositecompositions.Themixturewerethenhomogenizedbystirring.
Table 6 Clinoptilolite-basedcompositescompositions
Samples Zeolite+PVAAIAI(OH)3Graphite
%
0/00/0%
Al
901-
-
A2
82
3
73
4
64
Bl
10-
-
234
C
10-
-
C2
2
3
3
4
4
The mixtureswere pressedby hydraulic press in order to obtain
clinoptilolite-basedpelletshavinga circulardiscshape.Thehydraulicpresspressure
readingshouldbeconvertedto therealpressureappliedto thedie.Smallpressures
about20barwerenot enoughto createintactcompositeswhereaslargepressures
(e.g.,100and 120bar), were excessive,and causingdefectsand cracksin the
composites.This showedthat pressurewas an importantparameterin pellet
\7., IL. ,0\
"' ,li.\--
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preparationanda presspressureof 60 barwasfoundto betheoptimumvaluefor
thecompositepreparation.
After dryingthe pelletspreparedat 150aC for 2 hours, their thermal
conductivitiesweremeasured.
6.5Determinationof ThermalConductivity
The experimentalsetup based on hot plate methodwas used for
determinationof thermalconductivitiesof thepellets.A schematicdiagramof the
setupis shownin Figure 12.Each experimentalusestwo compositepellets,four
copperdiscs,four thermocouples,DC powersupplyanda dataacquisitiondevice
(datalogger).
Diameterandthicknessof thepelletswereabout46and4 mm,respectively.
Thecopperdiscshadthesamediameteraspellets.
The setupcouldbe consideredin two symmetricparts.In eachpart,one
pelletwas sandwichedbetweentwo copperdiscshavingdifferenthicknesses(10
and 15 mm). Two heatersconnectedto the DC power supplywere installed
betweenthesetwo parts(copper-pellet-copper).Constantand equalheatfluxes
weregivento thesystemto ensurestability.
The specimensurfaceswere grooved at one location to locate the
thermocouplesfor the accuratetemperaturemeasurements.In orderto minimize
heatlossesandpromoteonedimensionalheatflow,thewholesystemwaswrapped
with polyethylenefoam insulation.Silicon greasewas usedto fill the air gap
betweenthecopperdiscsandthepelletto eliminatetheeffectof contactresistance.
Datalogger collected the temperaturesmeasuredfrom the K type
thermocoupleslocatedatbothsidesof thespecimens.Because,theaccuracyof the
temperaturemeasurementhasa significanteffecton theestimationof thethermal
conductivitythermocoupleswere calibrated,as describedin Appendix A.4.
Thermocouplelocationsandthecross-sectionalviewof theexperimentalsetupare
alsoillustratedin Figure12.Temperaturedatawhicharegivenwith relatedfigures
in AppendixA.5. were obtainedat oneminuteintervals.Temperaturesmeasured
afterreachingsteadystatewere usedto calculatethermalconductivityof the
compositesusingEquation3.
---\- --.---;-.' j~~ ' :
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Figure 12Schematicviewof theexperimentalsetup
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ChapterVII
RESUL TS AND DISCUSSIONS
The preparationof clinoptilolite based compositesfor energy storage
applicationswasexaminedin thiswork. Thermalconductivitiesof clinoptilolitebased
compositesof differentcompositionsweredetermined.The effectsof presspressure
andtemperatureof thermaltreatmentwereinvestigatedin compositepreparation.
Effectof pressure:Compositeswerepressedat differentpressures(20to 120bar)in
orderto findtheoptimumpressurefor pelletpreparation.Pelletspreparedat low press
pressureswerenot intact.Cracksanddefectswereobservedin thepelletswhenlarge
pressureswereapplied.After a few trials,theoptimumpresspressureof 60 barwas
foundto besuitablefor pelletpreparation.This pressurewasfurtherusedin thepellet
preparation.
Effectof thermaltreatment: Thermaltreatmentis requiredfor thecompositesprepared
to ensurethermalstability.Sincecompositescontainadditivesandthebinder;their
thermalbehaviourshould also be consideredin choosingthe thermaltreatment
temperature.To determinethe thermaltreatmenttemperature,compositeswere
thermallytreatedat differenttemperaturesrangingfrom 80 DC to 200 Dc. Intact
compositeswerenotobtainedat low temperatures.At highertemperaturesaluminium
hydroxidestartsdecomposingaround200DC, as seenfromthermalanalysisgivenin
Figures18,20 and 22. Thermalanalysisresultsalso showedthatcompositeslost
almostall externalwaterby 150Dc. For this reason,thiswas chosenas an optimum
thermaltreatmenttemperature.
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ThermalAnalysisof theSamples
Powdermixturesusedfor compositepreparationwerecharacterizedby DSC,
DTA and TGA thermalanalysismethods.The water contentof clinoptilolite,
clinoptilolite-PVAand particlemixturesused for the compositescontaining20%
additiveswerebroughtto thesamerelativehumidity(around75 %) by keepingin a
desiccatorcontainingNH4Cl solutionfor a day.Thesesampleswere thenused in
thermalanalysis.
Initially,DSC analyseswereperformedto determinethechangestakingplacein
thesampleswith temperature.Theseresultsaregivenin Figures15,16,17 and 18.
Clinoptilolitesampleshowedanendothermicpeakbetweentemperaturesof 54and148
°c. ClinoptilolitecontaingPVA gaveanendothermicpeakbetweentemperaturesof 54
and171°C.Fromthesefigures,heatof dehydrationfor clinoptiloliteandclinoptilolite
containingPYA were calculatedas 47.22kJ/kg and52.58kJ/kg, respectively.The
shiftbetweenthe two peakswas probablydue to the decompositionof PVA.
ClinoptilolitecontainingPYA wasconsideredasthereferencematerialin thisstudy.
DSC analysisof clinoptilolite,clinoptilolite-PVA andthecompositescontaining
20% additivesare givenin Figure 18. An endothermicpeakwas observedfor all
samples.Thispeakrefersto thedehydrationof thesample.Thepeakareasweresmaller
forthesamplescontainingaluminumandgraphite.This indicatedthatwaterdesorption
wasdecreasedby the additionof thesematerials.Sincegraphiteand aluminumare
hydrophobicandnon porous,it mighthavecausedthereductionin amountof water
desorbed.On theotherhand,thesamplecontainingAl(OH)3gaveanendothermicpeak
similarto theclinoptiloliteat approximatelythe sametemperaturebut the peakarea
waslargerthanthe clinoptiloliteindicatingthatheatof dehydrationwas higherfor
Al(OH)3.Anotherendothermicpeakwas observedfor this sampleat temperatures
between236 and 357°C whichwas consideredto be dueto the decompositionof
aluminumhydroxide.
Similartrendswith DSC wereobtainedin DTA analysisof clinoptiloliteand
clinoptilolite-PVA, asgiveninFigure19. Endothermicpeaksat35and at648°C and
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anexothermicpeakat 826DC wereobservedfor clinoptilolite.This endothermicpeak
indicatedthedestructionof clinoptilolitesample.For clinoptilolite-PVA, a slightchange
wasobservedin peaktemperatureswithrespecto theclinoptilolite.Thesetwo samples
andthecompositescontaining20% additiveswerecomparedin Figure20.Theresults
were consistentwith DSC analysis.The sameendothermicpeakfor the composite
containing20% aluminumhydroxidewas observedaround300 Dc. The exothermic
peakswereobservedaround830DC for clinoptilolite,clinoptilolite-PVAandthesample
containingaluminumhydroxide.However,thesepeakswere not observedfor the
remainingtwo samples.In addition,two endothermicpeakswere observedaround
1100 DC for thesetwo samples.Thismightbedueto theresidualoxygenremainingin
thesamples.
In Figure21, TGA analysisof clinoptiloliteandclinoptilolite-PVAaregiven.
Both samplesshowedthe samethermalbehaviourup to 230 Dc. Additionof PYA
shiftedtheclinoptilolitecurveafterthis temperaturewhichmightbe dueto thePVA
decomposition.No significantdesorptionof wateroccuredabove600 DC for both
samples.14.22%and16.41% weightlosseswereobtainedat 1000DC for clinoptilolite
and clinoptilolite-PVA, respectively.In Figure 22, TGA analysisof clinoptilolite,
clinoptilolite-PVA andthesamplescontaining20%additiveareshown.Up to 230DC
all samplesshowedsimilarcurves.However,afterthis temperature,the composite
containingaluminumhydroxideshoweda significantshiftin theTGA curve.This was
dueto thedecompositionof thealuminumhydroxidewhichwasconsistentwith both
DSC andDTA analyses.A slightincreasein weightlosswasobservedaround900DC
dueto thepresenceof aluminumin thesample.Possiblenitridesformationmighthave
causedthis increase.The highestweightloss was observedin the samplecontaining
graphite.11.34%and19.99%weightlosseswereobtainedfor thesamplescontaining
20%aluminumandaluminumhydroxide,respectively.
To examinethermalbehaviourof clinoptiloliteeasily,its TGA analysisis also
gIvenin Figure 23. Inflectionpoints on TGA curve was used to determinethe
boundariesof differentypesof water.Threekindsof waterwasobservedin zeolites:
externalwater,looselyboundwaterandtightlyboundwater.Externalwaterregionwas
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around80°C. Looselyboundwaterregionwas between86.72°c and 271.400c.
Tightlyboundwaterregionstartedfrom271.400c. In thisanalysis,distinguishingthe
regionof looselyandtightlyboundwaterwasdifficult.Knowltonet al. [39]reported
thesetwo temperaturesas 80and170°C. The differencesmaybedueto theanalysis
conditionsandthesampleproperties.
ThermalConductivityMeasurements
Thermalconductivitiesmeasuredfor pureclinoptiloliteand the clinoptilolite
containingthe binder,PVA, are given in Table 7. Ulkii et al. measuredthermal
conductivityas 0.185W/mK for compactedclinoptilolitepowdersfromBigadic;[13].
Additionof 3 % PVA to clinoptiloliteincreasedthermalconductivityslightly.This
couldbebecauseof thebindingeffectandlow contentof PVA in clinoptilolite.Pino et
al. [23]preparedzeolite4A compositesusingPTFE asa binder.They reported that
thermalconductivityof the4A zeolitechangedverylittlewiththebindercontent.This
wasin aggreementwiththeresultsgivenhere.
Table 7EffectofPVA onthethermalconductivityof theclinoptilolite
Sample ThermalConductivity(W/mK)
Clinoptilolite
0.26
Clinoptilolite+PVA
0.29
Thermalconductivitiesmeasuredfor compositeswithdifferentcompositionsare
givenin Table8. Theyarealsoplottedin Figure13.When10%graphitewasaddedto
theclinoptilolite-PVAa smallincrease(10%)wasobtainedin thermalconductivity.As
percentageof graphiteloadingincreasedthermalconductivityvaluesincreasedslightly.
It increasedfrom0.32to 0.42bychanging raphitecontentfrom10to 30%. Addition
of 30%graphiteincreasedthethermalconductivityby48%comparedto thereference
material.At higherloading,thermalconductivityremainedalmostconstant.This slight
increaseat lowergraphitecontentsmightbe dueto the formationof interconnected
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graphitenetworkwhichfavorsheattransferasgraphitehasa thermalconductivityof
5.70W/mK [43] . Becausegraphitepowderusedin the compositeshadverysmall
particlesizes(1-2 llm), mechanicalcontactbetweenthe particlesmayincreaseheat
transfer.Layerorientationof thegraphiteis reported[23]to havea significantaffecton
thethermalconductivityof thecompositeswith theappliedpressuredirection.Since
graphiteis an isotropicmaterial,thermalconductivityof thefinalcompositeobtained
would be different according to the direction of pressureapplied. Thermal
conductivitiesof 0.18,0.26,0.34and0.36W/mK werereportedfor thezeolite4A
compositescontaining10%,20%,30%and40%graphiterespectively[23].Thesewere
closeto themeasurementsobtainedinthisstudy.
Table8 Variationof thermalconductivitywithcompositecomposition
Samplename AI%AI(OHh%Graphite%k(W/mK)
Al
10 0.45--
--
A2
2 59
3
3 88
4
4 1.1
Bl
100.38-
--
2 .433 94 50
C
100.32
--
C2
29
3
34
4
4. 3
Thermalconductivitiesof thecompositescontainingaluminumhydroxidedid
notchangesignificantlywith aluminumhydroxideloading.By increasingloadingfrom
10 to 40 %, thermalconductivityincreasedfrom 0.38to 0.50 W/mK. It remained
35
nearlyconstantabove30 % loading. An increaseof 72% in thermalconductivity
comparedto thereferencematerialwasobtained.This mightbetheresultof a good
mechanicalcontactbetweentheparticlesprovidedby aluminumhydroxide.As mean
diametersof the aluminumhydroxideparticles(24.26Jlm) were greaterthanmean
diametersof clinoptilolite( 15.91Jlm),clinoptiloliteparticlesprovidedbettercontactby
fillingemptyspacesbetweenthealumimumhydroxideparticles.No reporteddataon
thermalconductivityof Al(OH)3 was found in literature. However, its thermal
conductivitywouldbehigherthanclinoptilolite.Thermalconductivityresultsmeasured
werecloseto theonereportedby Pino et al [23]for zeolite4A containingAl(OH)3.
They measuredthermalconductivitiesof 0.25, 0.35, 0.43 and 0.43 W/mK for
compositescontaining10%,20%,30%and40%aluminumhydroxiderespectively.
The changein thermalconductivitiesmeasuredfor differentaluminium
hydroxideandgraphiteloadingswereverycloseto eachother.Slightlyhigherthermal
conductivityvalueswereobtainedwithrespecto thecompositescontainingraphite.
Additionof aluminumto theclinoptilolite-PVAincreasedthermalconductivity
significantly.As percentageof aluminumloading increasedthermalconductivity
increasedlinearlyasshownin Figure13.Thermalconductivityincreasedfrom0.45to
1.18W/mK by changingaluminumcontentfrom 10% to 40%. Higher increasesin
thermalconductivitymightbedueto itshighthermalconductivity(237W/mK) [40].In
addition,aluminumpowderhad a plateystructure.This mightalso be effectivein
increasingthermalconductivity.
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Figure 13 Variation of thermalconductivitywith clinoptilolitecomposite
loading
Thermalconductivitiesof the secondphaseson their own as pelletswere
attemptedtobemeasuredin orderto makecomparisonbetweenthesematerialsandall
thecompositesprepared.However,cracksanddefectswere observedin the pellets
preparedbythesecondphasematerials.Therefore,PVA wasaddedto thesematerials
to obtainintactpellets.It waspossibleto preparethepelletsof graphiteandaluminum
containingPVA. However,PYA wasnoteffectivefor aluminumhydroxidecontaining
PVA to obtainan intactpellet.Therefore,onlythermalconductivitiesof graphiteand
aluminumpelletscouldbemeasured.However,thedataloggerin theexperimentalset
wasnot ableto measuretemperaturedropslessthan0.01 0c. Consequently,their
thermalconductivitieswerenotdetermined.Sincetherewereno availabledatafor the
additivesusedinthecompositepreparation,thermopyhsicalpropertiesof someselected
materialsaregiveninTable9.
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Table 9 Thermopyhsicalpropertiesof selectedmaterials
Propertiesat300K
Composition
Melting pointpCpk
(K)
(kg/m3)(J/kgK(W/ K)
Aluminum
9332702903237
Copper
1 588933385401
Aluminumoxide,
232370764
sap hire Graphite,pyrolytic
272219
Ie, // to layers
1950
k, ..1to layers
5.7
Determinationof thermalconductivitiesof thecompositematerialsis a complex
problemasit is affectedby manyfactorssuchas composition,porosity,shape,size,
uniformity,particlesize,particlecontentanddensity. Particularlyporositymayhavea
dramaticinfluenceonthethermalconductivity.Therefore,furtherstudiescouldhelpto
havebetterunderstandingof thermalconductivityof thesecompositematerials.
Adsorptionpropertiesof the adsorbentis also importantfor energystorage
systemsand it shouldhavebeencharacterized.However,noadsorptionmeasurements
were performed.Nevertheless,somecommentsaboutadsorptionpropertiesof the
compositescanbegivenhere.Graphiteandaluminumarehyrophobicandnonporous
additives.These propertiesof the additivesprobablywould affect the adsorption
propertiesof thecomposites.In addition,decreasein the clinoptilolitecontentin the
compositescould decreasethe adsorptioncapacityof the composites.On the other
hand, aluminumhydroxideis porous and has ability to adsorp. Therefore,the
composit"scontainingaluminumhydroxidewouldhavethehighestadsorptioncapacity
amongall composites.The compositescontainingaluminumwould havethe lowest
adsorptioncapacitysinceit wasnotporous.
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Figure 14Densitiesof thecompositesversuscompositeloading
Density(bulk density)is anotherparameterfor characterization.Thickness,
diameterandmassof thepelletsweremeasuredto calculatethebulk densities.Since
thereweretwo samplesfor eachcompositeanaverageof thesevaluesweretaken.The
variationof densitiesandthecompositeloadingpercentageis showninFigure14.
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Figure 15DSC analysisof the c1inoptilolite
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Figure 17 DSC analysisof theclinoptiloliteandtheclinoptilolite containingPV A
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Figure 18 DSC analysisof theclinoptilolite,theclinoptilolite-PVA andthe all
compositescontaining%20additive
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Figure 21 TGA analysisof theclinoptiloliteandclinoptilolite containingPV A
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ChapterVIII
CONCLUSIONS
In thiswork, clinoptilolite-basedcompositepreparationfor energystorage
was investigated.Aim wasto improvethethermalconductivityof clinoptiloliteby
usingaluminum,aluminumhydroxideandgraphiteasadditivesandPVA asbinder.
Thefollowingconclusionscouldbedrawn:
1. For compositepreparation,powderroutemethodwaschosento control
compositepreparationtemperatureandpressure.
2. An optimumthermaltreatmenttemperatureof 150°Candpresspressure
of 60barwerefoundfor compositepreparation.
3. Binderwasneededto prepareintactcompositepellets.For thispurpose
PVA wasused.
4. The heatof dehydrationfor theclinoptilolitewas determinedas 47.22
kJ/kg. It changeddifferentlyfor the additives.It was higherwith
compositescontainingaluminumhydroxidewhileit waslower for other
additives.
5. Aluminumhydroxidestarteddecomposingaround200°C.
6. Clinoptilolitewasunstableabove800°C. PVA starteddecomposingat
230°C.Thecompositescontainingraphiteweredestroyedat630Dc.
7. TGA analysisof the sampleshowedthat thereexistsabout 14.22%
waterinallthesamplescharacterized.
8. Thereexistedthreetypesof water:externalwater,looselyboundwater
andtightlyboundwaterin theclinoptilolite.ResultsobtainedwithDSC,
DTA andTGA wereconsistentandin agreementwitheachothel.
9. Thermalconductivitiesof thecompositeswerehighfor additiveshaving
higherthermalconductivities.Compositescontaining40%aluminiumhad
thehighesthermalconductivityvalue,1.18WImK as it hadthehighest
1-;;-'·,' . ~ I
-,
.1
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thermalconductivityamongalltheadditivesandit hadaveryfineparticle
sizedistribution.
10.Additionof graphiteincreasedthermalconductivityslightly.It increased
from0.32to 0.43by changinggraphitecontentfrom 10to 40 %. This
mightbe due to the formationof an interconnectedgraphitenetwork
whichfavorsheattransferasgraphitehasa thermalconductivityof 5.70
W/mK (ref).
11.A littleincreasewasobservedin thermalconductivityof thecomposites
containingaluminumhydroxidewithrespecto thecompositescontaining
graphite.By increasingloadingfrom 10to 40 %, thermalconductivity
increasedfrom0.38to 0.50W/mK.
12.Adsorptionpropertiesof thecompositeswerealsoimportantfor energy
storageapplications.Therefore,adsorptioncapacityof the composites
had to be investigatedbut there was no availabledata for this.
Examinationsof nature of additivesand thermal analysis results
suggestedthecompositescontainingaluminumhydroxidehadthehighest
adsorptioncapacityamongall compositesprepared.
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APPENDIX A
A.1. MATERIAL PROPERTIES
Table 13 Propertiesof Aluminium
Assay(bycomplexometry) >90%
Heavymetals(asPb)
<0. 3%
As (Ars nic)
<0.0 05%
Fe (i on)
.5
Fats
< 1
Mol cularWeight,g/Mol
26.98
Table 14 Propertiesof Aluminiumhydroxide
Chemicalformula
MolecularWeight,g/Mol
Table 15 PropertiesofPVA
Al(OH)3
78
Property Polyvinylalcohol(PVA)
Chemicalstructure
[-CH2CH(OH)-lx-
[-CH2CHC02CCH3- ]yAverageMolecularWeight,g/Mol
9000-1000
Percentageof hyd oliz tion
8 %
Table 16 Propertiesof graphite
Type
Particlesize
Synthetic
1-2 ~m
Al
20
f
T
T
TI
I
10T
T!
~
o
0.01 0.1
Volume %
...
~~§
1.010.0
ParticleDiameter(~m.)
100.0
100
'90
~80
i
J70
I
'60
-bo
~Ol
lGOJ20
I_.10I
--,0
1000.0
Table 10Particlesizeanalysisof theclinoptilolite
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RangeLens: 300mm
Presentation:30HD
AnalysisModel: Polydisperse
ModiflClltions:None
DistributionType: Volume
MeanDiamelers:
D (4.3)" 15.91um
Syst.em,Detalis
BeamLength:2.40mm Sampler.MS17
(ParticleR.t." (1.5295. 0.1000):' DisperSantR.t.••1.3300)
ResultStatistics
Concentration·0.0059%VoI Density. 1.0009 , cub.cm
D(v.O.l)" 2.12um D(v,O.5)" 9.12um
D [3.2),,; 5.09.um Span. 3.313E+OO
Obscuration:8.5%
Residual: 0.324%
SpecificSA· 1.1792sq.m' 9
D (v. 0.9)· 32.:!4urn
Uniformity.1.25:;E+OO
SizeLow(um) In'll.SizeHiQh(urn)Under'll.
0.49
0.120.58.12
0.58
266739
67
47.81
7
.6591.46
91
902 5
1 06
123 0
.24
44
4
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2.28
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.6
7 3
3 9
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Figure 24Particlesizedistributionof theclinoptilolite
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Table 11Particlesizeanalysisof thealuminumhydroxide
RangeLens: 300mm
Presenlation:30HD
AnalysisModel: Polydisperse
Modificalions:None
DislribulionType: Volume
MeanDiameters:
D [4.3)= 24.26um
System Details
Be3mLength:2.40mm Sampler:MS17
(ParticleR.1.=(1.5295. 0.1000): DispersanlR.1.= 1.3300)
Result Statistics
Concenlration· 0.0140%VoI Density. 1.0009 I cub.cm
D (v.0.1)" 3.86um D (v.0.5)" 19.93urn
D (3.21= 7.78urn Span=2.357E+OO
Obscuration:12.0%
Residual: 0.312%
SpecificSA" 0.7713sq.m I 9
o (v.0.9)" SO.82um
Uniformity= 7.312E'{)1
SizeLoVl (urn) In%SizeHigh(urn)Under%
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Figure 25Particlesizedistributionof thealuminumhydroxide
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A.2. MILLING OPERATION
Therearesomefactorsaffectingtheperformanceof millingoperation:
1. Thepercentageof mediafillingmillvolume
2. Thepercentageof voidspacefilledbyslurry
3. Criticalspeedof thejar
4. Thepercentageof solidin slurry
Sinceit is aneasywayto obtainfinepowders,wetmillingwaspreferredand
ethanolwasusedasaliquidandzirconiaballsasagrindingmedia.
In ball-milling,diameterof thecontainer,D, is 0.3215feetandradiusof the
container,R was0.049meter.Theidealrotationspeed,wer, isoneof themain
parametersin millingandcanbedeterminedfromtheequation[42]:
wer =I /2KI/2
Wer= 1/ 2KI12 =2.26 sec-1 and We =2.26* 60 = 135rpm
Idealrotationspeedliesbetween0.65We- 0.85 Weandassuming0.75 We,
and
75* 135= 101rpmistherotationspeedinthiscase.
For zirconiaballs,thebulkvolume,(Vbu1k), andthevoidvolume,(Vvoid) are
220.4 cm3 and554.7cm3 respectively.Mill volume(volumeof thecontainer)is
1260cm3. 5% of thebulkvolumewasexceededto preparenaturalzeoliteand
ethanolfor wetmilling.
Then,thetotalvolumeof naturalzeoliteandethanoloccupiedinthe
containercanbefoundas 1.05* 220.4= 231.4cc
For 75 ccportionof thisvolume:therewere50 g zeoliteand61.5 cc
ethanol= 75 cc (over96.4 gr of totalmass).Now densityof theslurrycanbe
calculatedas
Pslurry=96.4 / 75 = 1.285g / cm3
A4
Percentageof thevolumeof thevoidspace,220.4/ 554.7=0.397(39.7%)
Percentageof thebulkvolume, 554.7/1260=0.44(44%)
44%
/\
39.7%
Void
50.3%
Media
After4 hourmilling,theslunywasdriedat65°Candseparatedintermsof particle
sizeusingmolecularsieves.Finally,clinoptiloliteparticleswithdiameterslessthan
45 !lmwereobtainedandtheywereusedfor compositepreparation.
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A.3. PRESSURE CALCULATION OF HYDRAULIC PRESS
For manometerreading100kg/cm2, thepressforcecanbecalculatedas:
F= 100kg/cm2* 63.617cm2(ramarea)=6361.7kgf
Thepressureappliedto thedie:
Pressure=Force/ Area
whereArea(diearea)=7t d2/ 4 andd(diameterof thedie)=4.5cm
Area= 15.89625cm2
Pressure=6361.7/15.89625=400.201kgf/cm2=4002.01kPa
=40.02Bar
For manometerreadingof 150kg/cm2correspondsto anappliedpressureof
60.03Bar onthedie.
A6
A.4. THERMOCOUPLE CALIBRATION
Thermocoupleswerecalibratedby usingconstantemperaturewaterbath.
Temperaturereadingsfor fivethermocouples(xvalues)weretakenandatthesame
time,thermometerreadings(yvalues)wereread(Table12).
Table 12Calibrationdatafor thermocouple
X4
Y4XsYsX6Y6 77s
49.46
52.1549 49.. 752 1551
53.43
033. 76. 0
7 55
60 05 9360.062
61 8
91 81 43 9
5 9
55 7
9 76
7 4c7 68
7 80
79 9
8
881 S8 E
1
999 7
Channel4
Expression:y =Cl+Cz*x
Sumof squares:0.0586257273608719
Standarderror:0.0698961893100952
Completed7 iterations(Marquardt)
Cl =3.51053185992164
Cz =0.982001159540772
X-range:from0 to 93.88
V-range:from0to 95.75
X mean:66.1853846153846;
standardeviation:23.3375506642389
Y mean:68.2346153846154;
standardeviation:2~.6895253111466
13datapoints
ChannelS
Expression:y =Cl+cz*x
Sumof squares:0.0395533312961187
Standarderror:0.0574117665757049
A7
Completed7 iterations(Marquardt)
Cl =3.52373362152968
C2 =0.981497631599814
X-range:from0 to 93.88
V-range:from0 to 95.75
X mean:66.2069230769231;
standardeviation:23.3466216909149
Y mean:68.2346153846154;
standardeviation:23.6895253111466
13datapoints
Channel6
Expression:y =Cl+C2*X
Sumof squares:0.0337444617008805
Standarderror:0.0530286571117295
Completed7 iterations(Marquardt)
Cl =3.53678362624053
C2 =0.981635030375428
X-range:from0to 93.86
V-range:from0to 95.75
X mean:66.1853846153846;
standardeviation:23.3404639118699
Y mean:68.2346153846154;
standardeviation:23.6895253111466
13datapoints
Channel7
Expression:y =Cl+C2*x
Sumof squares:0.0412301225268962
Standarderror:0.0586160689905764
Completed7 iterations(Marquardt)
Cl =3.50743053229222
C2 =0.98163369263856
X-range:from0to 93.9
V-range:from0to 95.75
X mean:66.2130769230769;
standardeviation:23.3470058645694
Y mean:68.2346153846154;
standardeviation:23.6895253111466
13datapoints
\
\~
'.'
A8
Channel8
Expression:y =Cl +C2*x
Sumof squares:0.0646902436850357
Standarderror:0.0734224328146354
Completed9 iterations(Marquardt)
Cl =3.49837642877962
C2 =0.981360882170779
X-range:from0to 93.92
V-range:from0 to 95.75
X mean:66.24;
standardeviation:23.3554688044775
Y mean:68.2346153846154;
standardeviation:23.6895253111466
13datapoints
To correctall readingsof the thermocouples,a linearrelationshipwas
obtainedasanexpressiony =Cl +C2*x andafterfindingtheconstantsCl andC2, the
equationsweredrivenby usingcalibrationdatain Table 13.Marquartmethodis
usedin orderto findtheconstantsin thecalibrationequations.Then,thermocouple
readingscanbecorrectedbytheequationsgivenbelow:
T4 (corrected)=0.982001159540772T4+3.51053185992164
T5 (corrected)=0.981497631599814T5+3.52373362152968
T6 (corrected)=0.981635030375428T6+3.53678362624053
T7 (corrected)=0.98163369263856T7+ 3.50743053229222
Ts (corrected)=0.981360882170779T5+3.49837642877962
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A.5. THERMOCONDUCTIVITY DATA AND FIGURES
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Table 23 Thermalconductivitydataof thecompositecontaining10%Al(OR)3
Time
TambientT4Ts7kl2
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hTable 25 T ermalconductivitydataof thecompositecontaining30%Al(OH)3
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Figure 26Temperaturevariationwithrespecto timefor thec1inoptilolite
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Figure 27Temperaturevariationwithrespecto timefor thec1inoptilolite
containing polyvinylalcohol
A24
